Big data benchmarking is particularly important and provides applicable yardsticks for evaluating booming big data systems. However, wide coverage and great complexity of big data computing impose big challenges on big data benchmarking. How can we construct a benchmark suite using a minimum set of units of computation to represent diversity of big data analytics workloads? Big data dwarfs are abstractions of extracting frequently appearing operations in big data computing. One dwarf represents one unit of computation, and big data workloads are decomposed into one or more dwarfs. Furthermore, dwarfs workloads rather than vast real workloads are more cost-efficient and representative to evaluate big data systems. In this paper, we extensively investigate six most important or emerging application domains i.e. search engine, social network, e-commerce, multimedia, bioinformatics and astronomy. After analyzing forty representative algorithms, we single out eight dwarfs workloads in big data analytics other than OLAP, which are linear algebra, sampling, logic operations, transform operations, set operations, graph operations, statistic operations and sort.
Introduction
The prosperity of big data and corresponding systems make benchmarking more important and challenging. Many researchers from academia and industry attempt to explore the way to define a successful big data benchmark. However, the properties of complexity, diversity and rapid evolution make us wonder where to start or how to achieve a wide range of coverage of diverse workloads. One attempt is to benchmark using popular workloads, which is very subjective [21] ; Another attempt is to focus on specific domains or systems [14, 19, 25] . These research efforts do not extensively analyze representativeness of workloads and fail to cover the complexity, diversity and rapid evolution of big data comprehensively. The concept of dwarfs, which first proposed by Phil Colella [18] , is thought to be a highly abstraction of workload patterns. To cover diversity of big data analytics, the dwarfs abstraction is of great significance. First, it is a highly abstraction of computation and communication patterns of big data analytics [15] ; Second, it is a minimum set of necessary functionality [1] , which has strong expressive power, with one dwarf representing one unit of computation; Third, it is a direction for evaluation and performance optimization, e.g. guidelines for architectural research [15] .
Much previous work [17, 16, 18, 15, 32] has illustrated the importance of abstracting dwarfs in corresponding domains. TPC-C [16] is a successful benchmark which builds based on units of computation in OLTP domain. HPCC [29] adopts an analogous method to design a benchmark for high performance computing. The National Research Council [20] proposed seven giants in massive data analysis, which focus on major computational tasks or problems. These seven giants proposed by NRC are macroscopical definition of problems from the perspective of mathematics, rather than units of computation that frequently appeared in these problems. Therefore, it is necessary to build a big data benchmark on top of dwarfs workloads which represent different units of computation. However, wide coverage and great complexity of big data impose great challenges to dwarfs abstraction. 1) There are massive application domains gradually involving big data. At present, big data has already infiltrated into all walks of life. Many domains have the requirements of storing and processing big data, and the most intuitive expression is billions of WebPages, massive remote sensing data, a sea of biological data, videos on YouTube, huge traffic flow data, etc. 2) In multiple research fields, there are powerful methods for big data processing. For great treasure hidden in big data, industrial and academic communities are both committed to explore effective processing methods, and now, many technologies have been successfully applied in above application domains, such as data mining, machine learning, deep learning, natural language processing, etc. 3) Large numbers of algorithms and the variants of these algorithms aggravate the difficulty of abstraction. 4) Not like traditional database systems, majority of big data are unstructured and operations on data are complicated. To the best of our knowledge, none of existing big data benchmarks has identified dwarfs workloads in big data analytics.
In this paper, we propose the methodology of identifying dwarfs workloads in big data analytics, through a broad spectrum of investigation and a large number of statistical analysis. We adopt an innovative and comprehensive methodology to investigate multi-field and multi-disciplinary of big data. At the first step, we singled out important and emerging application domains, using some widely acceptable metrics. In view of the selected application domains, we investigated the widely used technologies in these domains (i.e., machine learning, data mining, deep learning, computer vision, natural language processing, information retrieval) and existing libraries (i.e., Mahout [2], MLlib [10] , Weka [23] , AstroML [17] ), frameworks (i.e., Spark [11], Hadoop [9] , GraphLab [27] ), benchmarks (i.e., BigBench [22] , AMP Benchmark [3] , LinkBench [14] , CALDA [30] ), which reflect the concerns of big data analytics. Then at the third step, we singled out 40 representative algorithms. After analyzing these algorithms and summarizing frequently appearing operations, we finalized eight kinds of workloads as the dwarfs workloads in big data analytics. In order to verify their accuracy and comprehensiveness, we analyzed typical workloads and data sets in each domain from two perspectives: diverse data models of different types (i.e., structured, semi-structured, and unstructured), and different semantics (e.g., text, graph, table, multimedia data); We confirm through using a Directed Acyclic Graph(DAG)-like structure description, with an edge and a vertex to represent the dwarfs and the data set(or subset) respectively, we compose the original forty algorithms using combinations of one or more dwarfs workloads. Guided by the eight dwarfs workloads in big data analytics, we present an opensource big data benchmark suite called BigDataBench 3.1, with several industrial partners, publicly available at http://prof.ict.ac.cn/BigDataBench/. It is a significantly upgraded version of our previous work -BigDataBench 2.0 [33] . As a multi-discipline research and engineering effort spanning system, architecture, and data management, involving both industry and academia, the current version of BigDataBench includes 14 real-world data sets, and 33 big data workloads.
The rest of the paper is organized as follows. In Section 2, we describe the background, related work and motivation. Section 3 presents the methodology of abstracting dwarfs workloads in big data analytics and properties of these dwarfs. Section 4 states how dwarfs guide the construction of BigDataBench. Section 5 discusses the differences between our eight dwarfs and related work. Finally, we draw a conclusion in section 6.
Background, Related Work and Motivation
In 1970, E. F. CODD [17] proposed a relational model of data, setting off a wave of relational database research, which is the basis of relational algebra and theoretical foundation of database, especially corresponding query languages. The set concept in relational algebra abstracts five primitive and fundamental operators (Select, Project, Product, Union, Difference), which have fine expression, for different combinations can build different expression trees of queries. Analogously, Phil Colella [18] identified seven dwarfs of numerical methods which he thought would be important for the next decade. Based on that, a multidisciplinary group of Berkeley researchers propose 13 dwarfs which are highly abstraction of parallel computing, capturing the computation and communication patterns of a great mass of applications [15] , through identifying the effectiveness of the former seven dwarfs in other collections of benchmark, i.e. EEMBC, and three increasingly important application domains, i.e. machine learning, database software, and computer graphics and games. There are still some successful benchmarks constructed based on abstraction. TPC-C [12] proposed the concepts of functions of abstraction and functional workload model, articulated around five kinds of transactions that frequently appeared in OLTP domain [16] , making it to be a popular yardstick. HPCC [29] is a benchmark suite for high performance computing, which consists of seven basically tests, concentrating on different computation, communication and memory access patterns. These successful stories demonstrate the necessity of constructing big data benchmarks based on dwarfs. With the booming of big data systems, diverse workloads with rapid evolution appear, making big data benchmarking difficult to achieve a wide coverage for a tough problem of workloads selection. In this condition, identifying the dwarfs workloads of big data analytics and building benchmarks based on these core operators become particularly important, moreover, optimizing these dwarfs workloads will have great impacts on performance optimization. This paper focuses on a fundamental issue-what are dwarfs workloads in big data analytics and how to find them?
The National Research Council [20] proposed seven major computational tasks in massive data analysis, which are called giants. There are great differences between those seven giants with our eight dwarfs. 1) They have different level of abstraction. NRC concentrates on finding major problems in big data analytics. In contrast, we are committed to decompose major algorithms in representative application domains and find units of computation that frequently appearing in these algorithms, which is at a lower level and more fine-grained. 2) Since they have different focuses, the results are also different. Most of the seven giants are a class of big problems. For example, generalized N-body problems are a series of tasks involving similarities between pairs of points, alignment problems refer to matchings between two or more data sets. However, our eight dwarfs are results of decomposition of main algorithms in big data analytics, which are summarized units of computation. 3) Combination of our eight dwarfs can compose algorithms which belong to above seven giants. That is to say, combination of dwarfs can be a solution for seven major problems. For instance, k-means involving similarities between points, which belongs to generalized N-body problem, is composed of vector calculations and sort operations. Above all, the seven giants are macroscopical definition of problems from the perspective of mathematics, while our eight dwarfs are fine-grained decomposition of major algorithms in application domains and statistical analysis of these algorithms. The differences will be further described in Section 5. In addition, Shah et al. [32] discussed a data-centric workload taxonomy with the dimensions of response time, access pattern, working set, data types, and processing complexity, and proposed an example of key data processing kernels.
Big data attracts great attention, appealing many research efforts on big data benchmarking. BigBench [22] is a general big data benchmark based on TPC-DS [13] paying attention to big data analytics and covering three kinds of data types. HiBench [25] is a Hadoop benchmark suite, which contains 10 Hadoop workloads, including micro benchmarks, HDFS benchmarks, web search benchmarks, machine learning benchmarks, and data analytics benchmarks. YCSB [19] released by Yahoo! is a benchmark for data storage systems and only includes online service workloads, i.e. Cloud OLTP. CALDA [30] is a benchmarking effort for big data analytics. LinkBench [14] is a synthetic benchmark based on social graph data from Facebook. AMP benchmark [3] is a big data benchmark proposed by AMPLab of UC BerKeley which focus on real-time analytic applications. Zhu et al. [36] proposed an benchmarking framework -BigOP, abstracting data operations and workload patterns.
Methodology
This section presents our methodology on dwarfs abstraction of big data analytics. Before diving into the details of dwarfs abstraction methodology, we first introduce the overall structure. Fig. 1 illustrates the whole process of dwarfs abstraction and explains how algorithms map down to dwarfs. We first investigate the main application domains and explore the widely used techniques, and then representative algorithms are chosen to summarize the frequently appearing operations, and finally conclude eight dwarfs using a statistical method. We confirm a combination of one or more dwarfs can compose the 40 original algorithms with different flow controls, e.g., iteration, selection.
In the dwarfs abstraction of big data analytics, we omit the flow control of algorithm, i.e., iteration, and basic mathematical functions, i.e., derivative. The reason why we take these considerations is that our goal is to explore the dwarfs which appear frequently in algorithms, then we care more about the essence of computation instead of flow control.
Dwarfs Abstraction Methodology
Dwarfs are highly abstractions of frequently appearing operations, and we adopt an innovative and comprehensive approach to abstract dwarfs of big data analytics, covering data models of different types (i.e., structured, semi-structured, and unstructured) and semantics (i.e., text, graph, table, multimedia data). Fig. 2 describes the methodology we use to abstract a full spectrum of dwarfs that are widely used in big data analytics.
Seltzer et al. [31] pointed that we need use application-specific benchmarks to produce meaningful performance numbers in the context of real applications, and Chen et al. [16] argued that the benchmark should measure performance using metrics which reflect real life computational demands and are relevant to real life application domains. At the first step, we single out important and emerging application domains, using widely acceptable metrics. To investigate the typical application domains of internet service, we use metrics of the number of page views and daily visitors , and further found out that 80% page views of internet service came from search engine, social network and e-commerce [8] . In addition, for the emerging and burgeoning domains, multimedia, bioinformatics and astronomy are three domains which occupied main positions in big data analytics [4, 5, 6] .
In allusion to selected application domains, we have the following two considerations. On one hand, big data analytics involves many advanced processing techniques; On the other hand, many open source tools for processing big data exist, such as libraries (i.e., MLlib [10] , Mahout [2]), frameworks (i.e., Spark [11], Hadoop [9] , GraphLab [27] ), and a series of benchmark suites in some way reflect the concerns of big data analytics, such as BigBench [22] , LinkBench [14] . In view of the above two points, we choose representative algorithms widely used in data processing techniques, considering in conjunction with open source projects of libraries, frameworks and benchmarks. After choosing representative algorithms which play important roles in big data analytics, we deeply analyze the process and dig out frequently appearing operations in these algorithms. Moreover, different combinations of operations are considered to compose original algorithms. Finally, we summarize the dwarfs workloads in big data analytics. A Directed Acyclic Graph (DAG)-like structure is used to specify how data sets (or subsets) are operated by dwarfs.
Algorithms Chosen to Investigate
Data is not the same thing as knowledge, however, data can be converted into knowledge after being processed and analyzed, which needs powerful tools to digest information. We analyze the process of the above-mentioned application domains with the purpose of singling out representative algorithms in these six domains. There are generality and individuality among different domains.
Taking search engine as an example, we illustrate how we choose algorithms according to a selected application domain. Fig. 3 shows the details of search engine. After obtaining the web pages from spider, the parser extracts the text content and clears the structure of the web graph. Then several analysis methods are executed, including not only analysis on text content (statistic, index, semantic extract, classification), but also on web graph (pagerank). Moreover, query recommendation [24, 35, 26] is provided in case of unfamiliarity with terminology or dissatisfaction with results. After analyzing several necessary algorithms which construct search engine, we choose the following algorithms for investigation, including index, porter stemming, pagerank, HITS, classification (decision tree, naive bayes, svm, etc), recommendation and semantic extract (latent semantic indexing, latent dirichlet allocation), covering many technologies, such as data mining, machine learning.
In fact, most algorithms are not only used in one application domain, but also applied to other domains. Taking aforementioned classification methods as an example, they have been widely used in the other five domains under investigation. After conducting an thoroughly survey based on the six application domains, we also refer to the top 10 algorithms [34] and 18 candidates [7] in data mining, and several machine learning algorithms covering classification, regression, clustering, dimension reduction, recommendation, and computer vision algorithms spanning from a function i.e. feature exaction to applications components (i.e., image segmentation, ray tracing). The other algorithms include classic deep learning algorithms and sequence alignment algorithms, both of which have a broad range of application. We also include important algorithms in mainstream libraries (i.e., OpenCV, MLlib, Weka, AstroML), frameworks (i.e., Spark, Hadoop, GraphLab) and implemented workloads in benchmarks (i.e., BigBench, LinkBench, AMP Benchmark, CALDA). In total, we choose 40 widely used algorithms to investigate. The algorithms are listed in Table. 1 from perspectives of typical application domain, brief description, frequently-appearing operations.
After investigating the 40 algorithms, we analyzed their frequently appearing operations and identified eight dwarfs workloads. As summarized in Table. 1, linear algebra plays a fundamental role in algorithms effectively for big data analytics, for many problems can be abstracted into matrixes or vectors operations, such as SVM, K-means, PCA, CNN, etc. In addition, most graph-theoretical problems can be converted to matrix computations, for HMM (Probabilistic graphical model), PageRank (Webgraph), etc. Other graph-theoretical problems include graph traverse problem, Most of these methods focus on basic vector calculation, while jaccard similarity coefficient adopts the concept of set, using the number of the intersection divided by the number of the union of the input sets, which is also applied to a large class of algorithms for association rules mining i.e., apriori, fp-growth and theory of rough set and fuzzy set. In addition, the main operations in relation algebra are set operations. The PageRank algorithm which makes Google rise to fame, applies one category of sampling (markov chain monte carlo) methods in prediction the next page visited, which forms a markov chain. Not only that, sampling methods have an significant position in many algorithms and applications, i.e., boostrap, latent dirichlet allocation, simulation, boost, stochastic gradient descent.
The widespread use of transform operations in signal processing and multimedia processing greatly simplifies the computation complexities, for difficult computations in original domain can be easily computed in converted domain, such as FFT and DCT for MPEG, speech recognition. Furthermore, as seen in Table. 1, convolution calculations play important roles, while FFT is an lower complexity implementation of convolution according to convolution theorem. Another category of operations is hash, widely used in encrpytion algorithms, index, and fingerprint for similarity analysis. There are still two primitive operations which are used in almost all the algorithms -sort, statistics(i.e. count, probability calculation).
Dwarfs Workloads
In summary, Table. 2 lists dwarfs workloads widely used in big data analytics.
Linear Algebra In big data analytics, matrixes or vectors are without doubt a sharp weapon to solve many problems. From a dimension point of view, matrix operations consist of three categories, e.g. vector-vector, vector-matrix, matrix-matrix; From a storage standpoint, matrix operations are divided into two categories: sparse matrix and dense matrix. The concrete operations of a matrix are primarily addition, subtraction, multiplication, inversion, transposition, etc. Sampling Sampling is an essential step in big data processing. Considering the following situation, if the exact solution of one problem can not be solved using analytical method, what other alternative do we have? To solve this problem, people attempted to get an approximate solution, approaching to the exact solution as far as possible. Stochastic simulation is an important category of methods in approximation analysis, and its core concept is sampling, including random sampling, importance sampling, markov chain monte carlo sampling, etc.
Logic Operations Hash is of great importance in a very wide range of computer applications, e.g., encryption, similarity detection and cache strategy in distributed applications. Hash can be divided into two main types including locality sensitive hash (LSH) and consistent hash. In multimedia area, LSH can be used to retrieve images and audio. Every image can be expressed by one or more feature vectors, through creating indexes for all the feature vectors, and the speed of similar image retrieval can be improved significantly. Moreover, it can be applied to duplicated web pages deletion and fingerprint matching, such as SimHash, I-Match, shinging, etc.
Transform Operations The transform operations here means the algorithms used in audio signal analysis, video signal processing and image transformation. Common algorithms are discrete fourier transform (DFT) and its fast version -fast fourier transform (FFT), discrete cosine transform (DCT) and wavelet transform.
Set Operations In mathematics, set means a collection of distinct objects. Likewise, the concept of set can be applied to computer science. Set operations include union, intersection, complement of two data sets. The most familiar application type which benefits from set operations is SQL-based interactive analysis. In addition, similarity analysis of two data sets involves set operations, such as Jaccard similarity. Furthermore, both fuzzy set and rough set play very important roles in computer sci-ence. Fuzzy set can be used to perform grey-level transformation and edge detection of an image.
Graph Operations A large class of applications involve graphs. One representation of graph is matrix, then many graph computing problems convert to linear algebra computations. Graph problems often involve graph traversing and graph models. Typical applications involving graphs are social network, probabilistic graphic models, depth/breadth-first search, etc.
Sort Sorting is extensive in many areas. Jim Gray thought sort is the core of modern databases [15] , which shows its fundamentality. Even though in other domains, sort still plays a very important role.
Statistic Operations As with sort, statistic operations are also at the heart of many algorithms, such as probability or TF-IDF calculation.
Properties of Dwarfs
Dwarfs of big data analytics represent frequently appeared operations in algorithms for processing big data. They have some properties.
Composability : Algorithms for big data analytics are composed of one or several dwarfs, with certain flow control and basic mathematical functions. An DAG-like description are used to describe the process.
Irreversibility : The combination is sensitive to the order of dwarfs for a specific algorithm. Different combinations would have great impacts on performance or even produce different results.
Uniqueness: These eight dwarfs represent different computation and communication patterns in big data analytics.
These dwarfs simplify the complexity of big data analytics, and they have strong expression power in terms that they can be combined into various algorithms. We use a DAG-like structure, in which a node represents original data set or intermediate data set being processed, and an edge represents a kind of dwarfs. We have used DAG-like structure to understand existing benchmarks on big data analytics. Taking SIFT as an example, we explain why the eight dwarfs make sense. SIFT is an algorithm to detect and describe local features in input images which first proposed by D. G. Lowe in 1999 [28] , involving several dwarfs. As illustrated in Fig. 4 , a DAG-like structure specifies how data set or intermediate data set are operated by different dwarfs.
An image can be represented as a matrix in the computer, with a matrix element representing one pixel point. Gaussian filter is an convolution kernel in accordance with gaussian distribution function, which is actually a matrix. Image scale space L(x, y, ∂) is produced from the convolution of the gaussian filter G(x, y, ∂) with the input imageI(x, y), ∂ is space scale factor. According to convolution theorem, FFT is one fast implementation method for convolution, in this regard, we don't add convolution to our list of dwarfs though it is of great significance, especially in image processing. By setting different value of ∂, we can get a group of image scale spaces. Image pyramid is the consequence of downsampling these image scale spaces. DOG image means difference-of-Gaussian image, which is produced by matrix subtraction of adjacent image scales of each octave in image pyramid. After that, every point in one DOG scale space would sort with eight adjacent points in the same scale space and points in adjacent two scale spaces, to find the key points in the image. Through computing the mold and direction of each key point and sampling in adjacent gaussian window, following by sort and statistic operations, we can get the feature vectors of the image.
Big Data Benchmarking
In this section, we describe how we apply the eight dwarfs to construct a big data benchmarking suite -BigDataBench. 5 shows the process of constructing BigDataBench using eight dwarfs. We build big data benchmark from three perspectives: 1) Dwarfs perspective. Every dwarf is a collection of algorithms with similar patterns. For example, linear algebra contains many algorithms like matrix addition, multiplication, etc. We implement workloads of each dwarf with MPI, for it is much more lightweight then the other programming frameworks in terms of binary size. 2) Workloads perspective. From the methodology of dwarfs abstraction, we single out representative workloads with different combinations of eight dwarfs, including 14 real-world data sets and 33 workloads. 3) Application scenario perspective. We also provide the whole application scenarios with different proportion of eight dwarfs.
Comparison with NRC Seven Giants
National Research Council proposed seven major tasks in massive data analysis [20] , which they called giants. These seven giants are basic statistics, generalized N-body problems, graph-theoretic computations, linear algebraic computations, optimization, integration, and alignment problems.
In this section, we discuss the differences between our eight dwarfs and the NRC seven giants. Fig. 6 lists our differences of identifying methodology. Fig. 6a shows the process of summarizing seven giants. They focus on common used tasks and problems in massive data analysis, and then cluster them to identify seven giants. In this case, some giants are big problems, e.g. n-body problems, and some giants have a lot of overlap, for example, linear algebraic computations are a special case of optimization problems [20] . Fig. 6b presents our methodology of identifying dwarfs workloads in big data analytics. We first choose representative application domains and corresponding processing techniques, then we analyze these advanced processing techniques and major open source projects to find representative algorithms in them. Next, we decompose these algorithms and summarize frequently appearing operations. At last, we finalize eight dwarfs workloads in big data analytics. Our eight dwarfs are a lower level abstraction, which focus on units of computation in above tasks and problems. For example, a combination of one or more dwarfs with certain flow control can implement an optimization problem. Note that basic statistics, linear algebraic computations, and graph-theoretic computations are fundamental solutions for many problems, we also add them in our eight dwarfs.
Generalized N-body Problems: This category contains problems involving similarities between pairs of points, such as nearest-neighbor search problems, kernel summations. Our investigation partly covers algorithms in this category. For example, a class of algorithms for similarity analysis such as k-Nearest Neighbors algorithm and clustering methods such as k-means algorithm concern with similarity calculation of vectors (points), which is a large family of generalized N-body problems. Moreover, kernel summations such as support vector machine algorithm are also investigated.
Optimization: This is a giant heavily relied on flow control. With several rounds of iteration, the result gradually converge to an extremum value. Optimization methods as a big class of mathematics, play an important role in computer science. In machine learning, the training models are learned through optimization procedures, such as neural network, support vector machine, adaboost, etc. In natural language processing, significant algorithms such as conditional random field adopt optimization methods to train parameters. Our eight dwarfs omit the flow controls and concentrate on units of computation. However, they are important components of computational procedures in each iteration. For example, neural network algorithm is an optimization problem, but its each iteration is linear algebraic computations.
Integration: It is a very important branch of mathematics. Integration are widely used in many problems, such as expectations and probability calculation. Markov chain monte carlo as one type of sampling, which is one of our eight dwarfs, has been applied to integration problems for an approximate solution according to the law of large numbers.
Alignment Problems: This class includes problems about matchings. Typical alignment problems are sequence alignment in bioinformatics, image features matching in multimedia area, which are also considered in our analysis, such as BLAST, scale-invariant feature transform.
Conclusions
In this paper, we identified eight dwarfs in big data analytics other than OLAP, through a broad spectrum of investigation and a large number of statistical analysis. We adopt an innovative methodology of singling out typical application domains (i.e., search engine, social network, e-commerce, bioinformatics, multimedia, and astronomy) at the first step. Then we focus on different algorithms widely used in these application domains and existing libraries, frameworks, benchmarks for big data analytics. After investigating these techniques and open source projects, we choose forty representative algorithms which play a significant role in big data analytics. Through deeply analyzing these algorithms and digging out the frequently appearing operations, we identify eight dwarfs workloads taking redundancy and comprehensiveness into consideration.
